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Abstract Autism spectrum disorder (ASD) is a behaviorally defined and heterogeneous disorder. Biomarkers for ASD offer the opportunity to improve prediction, diagnosis, stratification by severity and subtype, monitoring over time and in response to interventions, and overall understanding of the underlying biology of this disorder. A variety of potential biomarkers, from the level of genes and proteins to network-level interactions, is currently being examined. Many of these biomarkers relate to inhibition, which is of particular interest because in many cases ASD is thought to be a disorder of imbalance between excitation and inhibition. Abnormalities in inhibition at the cellular level lead to emergent properties in networks of neurons. These properties take into account a more complete genetic and cellular background than findings at the level of individual genes or cells, and are able to be measured in live humans, offering additional potential as diagnostic biomarkers and predictors of behaviors. In this review we provide examples of how altered inhibition may inform the search for ASD biomarkers at multiple levels, from genes to cells to networks.
Keywords Autism spectrum disorder (ASD) . Biomarkers .
Inhibition . GABA . Interneurons . Networks

Background
The majority of neurodevelopmental disorders are behaviorally defined [1] . The search for biomarkers in these disorders is thus enticing as they offer the opportunity to understand and diagnose these disorders at a neurobiological level, improving our understanding of their underlying mechanisms and thus moving neurodevelopmental disorders from the realm of behavior and mind to biology and brain. Additionally, biomarkers offer the opportunity to predict, diagnose, stratify, and monitor diseases over time and in response to intervention. However, the search for biomarkers has historically been driven and complicated by heterogeneity among neurodevelopmental disorders [2] ; that is, the tremendous overlap in signs and symptoms among disorders and the comorbid conditions that co-exist within any given disorder [3] .
Autism spectrum disorder (ASD) is one such disorder. In the USA, ASD affects approximately 1 in 68 children (1:42 males) [4] ; it is also highly heterogeneous. While core behavioral symptoms of difficulties with social communication and restricted/repetitive behaviors are necessary to make the diagnosis [1] , the spectrum of difficulty in each of these areas is wide. Further heterogeneity is brought about by the vast array of comorbidities (e.g., those related to sleep, epilepsy, motor function, gastrointestinal, immune, and other neurologic and psychiatric comorbidities) with which each individual child with ASD may or may not present [5] . Additionally, the search for biomarkers of autism has been equally marked by heterogeneity, with proposed biomarkers including findings as diverse as genetic variants; gene expression; biochemical markers; immune responses; morphological markers such as head size and dysmorphic features; neuroanatomical findings [e.g., on magnetic resonance imaging (MRI)]; electrophysiological findings [e.g., on electroencephalography (EEG)], and neuropsychological and behavioral findings [6] [7] [8] . Despite this wide array of potential biomarkers, correlation between these findings and the clinical diagnosis of ASD has remained elusive. For example, while numerous genetic disorders drastically increase the risk of ASD, there is no known genetic disorder in which the penetrance of ASD is 100 %. A genetic mutation known to be associated with autism may result in typical development, or alternative disorders such as language impairment, intellectual disability, epilepsy, or schizophrenia [9] .
Autism is frequently hypothesized to be a disorder of imbalance between excitation and inhibition [10] . While such an imbalance may also contribute to a number of other neurodevelopmental and psychiatric disorders [11] , this hypothesis provides the basis for a number of ASD biomarkers at various levels, from molecules to the neural networks that ultimately determine behavior. Therefore, while several prior reviews have focused on various types of biomarkers in ASD [5-8, 12, 13] , here we focus specifically on potential biomarkers associated with altered inhibition, using them as an example of the types of biomarkers that will ultimately be of benefit in ASD. This paper therefore has several goals: 1) we will begin by discussing the types of biomarkers being proposed in ASD, and how these biomarkers may benefit ASD diagnosis and management; 2) next, we will outline current understanding of inhibition in ASD at multiple levels, from cells to networks to behavior, and describe ways in which this understanding augments the hypothesis-driven search for ASD biomarkers-this section includes several examples of how inhibition is altered in ASD, at the level of a) cells and b) networks; 3) finally, we will end with a discussion of future directions in the field of inhibition-based ASD biomarkers.
Types of Biomarkers
A biomarker is defined by the Biomarkers Definitions Working Group [14] as BA characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention^. Biomarkers have a number of potential applications, including identifying patients with a disorder, stratifying severity and disease subtypes, indicating prognosis, and predicting and monitoring clinical response to an intervention. For neurodevelopmental disorders, they also augment the biological understanding of an otherwise behaviorally defined disorder. Some (but not all) biomarkers can be used as surrogate end points in clinical trials; to be used in this manner, they must be likely to predict clinical benefit [14] .
Evaluation of a biomarker as a surrogate end point is an ongoing process. Biomarkers must be proven to be able to successfully and reproducibly measure an objective, quantifiable clinical characteristic (measurement validity). They must also correlate strongly with the clinical end point of interest in a given population and situation (internal validity). This correlation must then also extend to other populations and situations (external validity), with ongoing evaluation necessary to determine the populations, treatments, and clinical end points for which the biomarker provides a legitimate surrogate end point [15] .
In ASD, research has also focused on identifying markers that indicate high risk for ASD, with the eventual goal of developing early specific predictive biomarkers [7, 12] . The motivation for this research has stemmed from the idea that early initiation of intensive therapy for ASD leads to significantly improved outcomes [16] , but early therapy requires early diagnosis. Diagnosis by behavioral measures has been validated only in children as young as 12-21 months [17, 18] , and then only in specialized clinical programs. The average age of diagnosis in the general community frequently occurs later, at an average of 4-6 years of age [19, 20] , postponing the initiation of much-needed aggressive intervention in these children. Identifying early biomarkers that predict autism would therefore allow for earlier initiation of treatment, with the goal of improving outcomes [21] .
Inhibition in ASD: From Molecules to Networks to Behavior
Autism is frequently hypothesized to be a disorder of imbalance between excitation and inhibition [10] . This does not necessarily mean a type of linearity among excitation and inhibition, as if the brain is a balance scale that can be tipped toward excitation or inhibition. Instead, a key aspect of inhibition lies in its ability to generate complexity and nonlinearity in brain activity. Imagine, for example, a chain of 3 inhibitory neurons. The first neuron may suppress the activity of the second neuron, which will, in fact, result in an increase of activity in the third neuron [22] . Thus, it quickly becomes clear that excessive or impaired inhibition can have complex, unexpected, and difficult to predict downstream effects. However, in the case of ASD, such effects may provide a useful framework for thinking about the diverse and seemingly contradictory clinical findings often seen in ASD.
Neuronal connectivity is also believed to be altered in ASD [23] [24] [25] [26] . This hypothesis may be complementary to hypotheses about an imbalance in excitation/inhibition. Establishing, tuning, and maintaining appropriate connectivity in the brain requires a series of steps, each of which may lead to (or be affected by) altered excitatory/inhibitory balance.
Inhibition at the Molecular and Cellular Level
Inhibition in the central nervous system is primarily accomplished by interneurons using the neurotransmitter γ-aminobutyric acid (GABA). Neuronal generation, migration, and differentiation are the first steps in establishing appropriate connectivity [27] . Once cells are in place, synaptic adhesion must then sufficiently anchor the connections between 2 neurons, so that communication can occur [28] . Next, the state of each neuron (and its geographic and functional neighbors within a network) must be continually modulated in order to allow recognition of meaningful synaptic inputs while filtering out spurious input. Of particular interest in GABAergic neurons is the maturational switch of postsynaptic GABAergic responses from depolarizing to hyperpolarizing (i.e., excitatory to inhibitory), which generally occurs during the early postnatal period [27] . Meaningful synaptic inputs must then stimulate activity-dependent transcription and translation, so that groups of neurons have Bmemory^of a previously meaningful interaction and can respond more robustly to similar interactions in the future [29] . Finally, immune mechanisms must be adequately tuned to maintain and support robust synapses, while pruning synapses that are spurious or weak [30] .
Abnormalities at any of these steps can lead to altered inhibition. Several such abnormalities merit further exploration as potential biomarkers, although their utility for diagnosis in humans (except postmortem) may currently be limited. For example, compared with controls, numerous models of ASD demonstrate decreased numbers of parvalbumin-positive inhibitory interneurons in the brain [31] . However, even when cells are in place, their functional inhibitory activity may be altered. Postmortem neuropathological studies of people with ASD have demonstrated decreased GABA precursors in certain cell populations, and decreased number, density, and expression of GABA receptors in select cortical areas [32] . Notably, other postmortem studies have demonstrated increased numbers of parvalbumin-positive inhibitory interneurons in the hippocampus, raising the possibility that a compensatory decrease in GABA A receptors might be occurring there [33] .
Methyl CpG binding protein 2 (MeCP2) mutations, which can underpin Rett syndrome, are also associated with ASD [34] . Clinical testing for these mutations is currently available, but the electrophysiological manifestations of such mutations at the level of individual cells is being explored predominantly in animal models. In mice, cortical GABAergic neurons express more MeCP2 than non-GABAergic neurons; loss of MeCP2 from GABAergic neurons (sparing non-GABAergic neurons) leads to reduced GABA precursors presynaptically, decreases the amplitude of mini inhibitory postsynaptic currents, and recapitulates many features of Rett syndrome [35, 36] .
Other genetic mutations are associated with altered inhibition at different stages in the development of structural and functional interneuron connectivity. Fragile X is associated with increased ASD risk in humans [37] . In an FMR1 knockout model of Fragile X, animals demonstrated decreased numbers of parvalbumin-positive inhibitory interneurons [38] , region-specific decreases in expression of GABA A receptor subunits, and associated impairments in GABA circuitry [39] [40] [41] . In mice with the human R415C mutation in Nlgn3, which affects synaptic adhesion, numbers of parvalbuminpositive inhibitory interneurons are again decreased [31] , with an associated increase in levels of vesicular transporters for GABA, frequency of spontaneous inhibitory currents, and amplitude of evoked inhibitory currents [36, 42] . As noted above, the nonlinearity of inhibitory function may help to explain why both increases and decreases in inhibitory function can alter homeostasis [43] , and lead to similar-appearing effects at the network and behavioral levels.
Inhibition may also affect, and be affected by, immune reactivity in the nervous system. Postmortem gene expression studies have demonstrated that, compared with controls, in addition to genes related to synaptic function, genes related to immune reactivity are overexpressed in brains of individuals with ASD [44] . A subset of children with ASD have plasma antibodies that autoreact with GABAergic neurons in multiple brain regions [45] . In a properly functioning immune system, synapses are pruned in an activity-dependent manner, pruning synapses with low activity levels and maintaining synapses with high activity levels [30] . Altered pruning can thus disrupt synaptic connectivity [46] , and abnormalities in glial function have been associated with difficulties with prepulse inhibition, the acoustic startle response, and social behavior in animal models [47] .
Viewed in this light, it becomes easier to see how multiple factors could be implicated in ASD. Mild abnormalities at several steps (particularly during the period of rapid brain development that occurs during late prenatal and early postnatal life) could compound to produce abnormal synaptic connectivity and hence behaviors associated with ASD. In other cases, a severe abnormality at one step may be rescued by a compensatory response elsewhere. For example, synaptic protein synthesis is exaggerated in a mouse model of Fragile X but suppressed in a mouse model of tuberous sclerosis complex; however, in double mutants, these deviations are corrected [48] .
Similarly, genetic testing in humans can identify abnormalities, such as those described above, that lead to altered inhibition. However, penetrance of symptomatology in humans with these genetic findings is variable, likely because of compounding and compensation that can occur downstream. As no genetic mutation is known to have 100 % penetrance for ASD, these mutations can act as biomarkers of risk; however, their presence is not diagnostic for ASD and cannot currently be used to measure outcomes over time.
Therefore, to identify diagnostic and outcome-relevant biomarkers, it is necessary to look downstream from these genetic findings. Manifestations of abnormal inhibition at the cellular level are certainly worth considering, given the findings described above. However, further testing is necessary to determine the extent to which the specific cellular abnormalities in inhibition seen in animal models also apply in humans, as findings in humans do not always recapitulate those found in animal models. Unfortunately, in many cases, findings in animals at the cellular level cannot be safely recapitulated in live humans using currently available technologies.
The next step, then, is to look at network-level manifestations of altered inhibition. As a potential biomarker, this offers 2 advantages. First, by describing interactions among large groups of neurons, network-level findings take into account a more complete genetic background, and more complete set of single-cell manifestations, than findings at the level of individual genes or synapses. This is of particular importance because behavior comes not just from individual genes and cells, but from the interactions among these components at the network level. Additionally, network-level findings are measurable in live humans, using noninvasive techniques such as EEG, MRI, and magnetoencephalography (MEG).
Inhibition at the Network Level
The brain is an enormous network of neurons, the interactions of which lead to emergent properties well beyond those seen at the level of the individual neuron or synapse. These emergent properties are what ultimately lead to the clinical and behavioral manifestations of ASD. Inhibitory interneurons play a key role in this regard, synchronizing action potential generation in neuronal subsets and thus allowing for precise temporal integration across networks of neurons [27, 49] , affecting size and propagation of neuronal assemblies, and allowing the generation of oscillations at multiple frequencies, including gamma [27, 31] . These Bscaled-up^abnormalities are best seen by studying brain function at the network level.
In humans, neuroimaging techniques (e.g., EEG, MEG, MRI) can probe these network-level abnormalities. MRI offers outstanding spatial resolution when localization of processes is of particular interest, whereas EEG and MEG offer outstanding temporal resolution for examining moment-tomoment activity of large groups of neurons when questions about oscillations, neural Bnoise^, and temporal binding arise.
One example of a finding at the cellular level scaled up to the network level (and behavioral level) involves the activity of oxytocin. As described above, modulation of the state of neurons allows them to recognize meaningful inputs while ignoring spurious inputs. Oxytocin is one such neuromodulator. Because oxytocin levels are reduced in ASD [50] , oxytocin has been of recent therapeutic interest. From a behavioral standpoint, oxytocin administration may increase the ability of people with ASD to infer others' expression of emotion [51] , although the overall benefits of oxytocin in ASD vary depending on the outcome variable in question [52] . At the synaptic level, oxytocin increases spontaneous inhibitory tone, so that excitatory neurons are less likely to be in a refractory period from spontaneous activity when a meaningful signal arrives, and are therefore more likely to transmit that signal reliably [53] . This highlights the importance of inhibition in improving the signal-to-noise ratio of excitatory transmission. It also raises the possibility that in at least some types of ASD, inadequate inhibitory tone could lead to less faithful transmission of relevant stimuli.
How can such a finding be scaled up to the network level, where it would become detectable noninvasively in humans? In one such model [54] , MEG functions as a scaled-up version of intracellular recordings, with gamma oscillations (high-frequency activity that is locally phase-locked) measured instead of spikes in response to a stimulus, and intertrial coherence (the fraction of MEG signals that are in-phase across multiple trials of a time-locked activity) used as a marker of fidelity of information transmission. In human and mouse models of ASD [55, 56] , intertrial coherence is lower than in controls, suggesting that a smaller number of signals are in phase across trials [54] . Evoked gamma power is also lower than in controls [55] [56] [57] , suggesting a lower amplitude (and thus lower number of involved neurons) of high-frequency activity in response to trials, on average [54] .
These findings mimic those seen at the single-cell level prior to oxytocin administration: inadequate baseline inhibitory tone allows excessive spontaneous excitatory activity to occur, which reduces the fidelity in phase to a specific stimulus. Notably, baseline gamma power is higher in an autism model than in controls [54] , just as spontaneous excitatory cell firing is higher before oxytocin administration than after [53] . Additional studies are certainly necessary to better understand the exact biological underpinnings of the similarities seen at these 2 levels. However, overall, these MEG findings seem to quite closely mimic those seen at the single-cell level prior to oxytocin administration: inadequate baseline inhibitory tone at baseline allows excessive spontaneous excitatory activity to occur, which reduces the fidelity of information transfer in response to a stimulus.
This leads, then, to one potential category of inhibitionrelated ASD biomarkers: those related to intraindividual response variability. It has long been noted that autism is a disorder marked by heterogeneity among patients, but that is not the issue of interest here. Instead, it is worth considering the extent to which fidelity of information transfer across trials in a given individual may be altered in ASD. Indeed, the study described above used an auditory paradigm; in a visual paradigm, intraindividual alpha band coherence (the degree to which EEG is phase-locked to a specific event), as well as the amplitude and latency of P1 (a positive-going component occurring about 100 ms after stimulus onset), all suggested increased between-trial variability in individuals with ASD compared with controls [58] . Other studies have examined trial-by-trial evoked functional MRI responses to visual, auditory, and somatosensory stimuli [59, 60] , as well as responses to movement [61] , in patients with ASD, and again found that response reliability was significantly weaker in ASD.
In another category of network-level inhibition-related findings in ASD, phase amplitude coupling (PAC; in which the phase of a slow oscillation modulates the amplitude of a fast oscillation) measured by MEG in response to faces has been found to be reduced in people with ASD compared with controls; additionally, the degree of reduction in PAC correlated with the social score on the Autism Diagnostic Observation Schedule, offering potential as a stratification or prognostic biomarker [62] . Interestingly, similar reductions in PAC were found in mice in which GABAergic inhibition onto parvalbumin-positive interneurons was removed, suggesting altered inhibition as a potential underlying mechanism for this finding [63] . This again highlights the complexities of inhibition; in this study, inhibiting an inhibitory interneuron led to reduced PAC, a far more complex and nonlinear downstream effect of altered inhibition than an arithmetic Bdouble negative^might have predicted.
An additional network-level finding related to inhibition in ASD is that of EEG phase resets. On EEG, the oscillations in clusters of neurons are found to be phase-locked for periods of time, alternating with rapid transitions to new phase-locked states [64] ; these transitions appear to be mediated by GABA in thalamocortical circuits [65] . In people with autism, phase lock durations in the 10-12-Hz frequency band were longer than in controls [65] , suggesting yet another possible diagnostic or predictive biomarker related to inhibition in ASD.
Future Directions
The search for biomarkers in ASD has taken multiple forms. Findings in humans and animal models at the level of genes, cells, synapses, and networks each offer strengths and weaknesses in terms of their likely contributions to future biomarkers. Genetic findings, while easily measurable in humans, currently tend to be biomarkers for ASD risk rather than ASD diagnosis or outcome. Cellular and synaptic findings, while difficult to evaluate in live humans, have led to numerous treatment targets addressing potential underlying mechanisms of ASD. Finding surrogate or indirect ways to evaluate for these abnormalities could drastically improve our ability to stratify people with ASD into subgroups likely to respond to a given treatment [13] . Network-level findings, which can be evaluated in humans of all ages using noninvasive techniques such as EEG, MEG, and MRI, offer a window into the emergent properties of groups of neurons whose individual properties may combine to exacerbate or compensate for one another. Because these network-level findings are near the end of the pathway from molecules to behavior, networkbased measurements offer opportunities as potential diagnostic or even predictive biomarkers for the behavioral manifestations of ASD and related disorders, and may eventually offer utility as surrogate end points in clinical trials. Ultimately, then, many avenues of research related to ASD may inform a set of biomarkers useful in understanding, predicting, diagnosing, stratifying, treating, and measuring outcomes in ASD. Findings related to inhibition offer one such set of potential biomarkers, but given the heterogeneity inherent in ASD other findings are also likely to offer useful and complementary biomarkers.
It is worth noting that the intermediate steps between cellular findings and network-level findings in autism are still under investigation. Many of the findings seen in animal models have yet to be replicated in humans, and our understanding of the relationships among findings at the genetic, cellular, network, and behavioral levels remains limited. However, this should not necessarily prevent researchers from investigating hypothesis-driven potential biomarkers that may be new or exploratory. A plethora of data has been collected in various studies of ASD; many of these data are now being catalogued using repositories such as the National Database for Autism Research, offering the opportunity for exploratory analyses that use previously collected data to examine a hypothesis by viewing the data from a new angle. EEG is an example of a source for identifying such biomarkers. EEG contains an extraordinary amount of information, which can be analyzed using a myriad of different signal processing algorithms. There is not one Bcorrect^approach for analyzing EEG data; instead, the approach of interest should be chosen depending on the hypothesis being tested. Therefore, once primary standard analyses (e.g., amplitude and latency of specific event-related potential components [66] ) are complete for a given study, EEG data remain available for additional hypothesis testing. This requires time spent on analysis but does not necessarily require additional patient participation or new data collection. This opportunity comes with caveats, of course. First, the team doing additional analyses must maintain a thorough grasp of the task, data collection methods, and diagnostic algorithms used in the population whose data they are using; data from a poorly phenotyped sample, or from a task that may confound the particular analysis a researcher has chosen, is not useful. Second, analyses must either be hypothesis driven or maintain adequate statistical rigor if done in an Bunbiased^manner; the plethora of data that a single EEG contains otherwise allows for infinite analyses, which can easily lead to spurious conclusions. However, if used responsibly, repositories of EEG and other data offer low-risk opportunities to investigate potential new biomarkers for ASD.
Given the degree of heterogeneity that is currently fundamental to our understanding of ASD, the ongoing search for diagnostic and predictive biomarkers of ASD is likely to be a 2-way process. The core behavioral symptoms of ASD remain, for now, the Bgold standard^diagnostic criteria. No single genetic study, EEG, MRI, or other test has been found to be more reliable in diagnosing ASD than clinician report of Diagnostic and Statistical Manual, Fifth Edition, criteria. However, as the search for ASD biomarkers expands at multiple levels, our understanding of the biology underlying ASD is also likely to expand. Over time, the search for biomarkers of ASD offers the opportunity not only to identify diagnostic and predictive findings, but also to change our fundamental understanding of how alterations in the inner workings of the brain lead to specific behaviors.
